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We propose to measure correlations of heavy-ﬂavor hadrons to address the status of thermalization at the
partonic stage of light quarks and gluons in high-energy nuclear collisions, shown on the example of azimuthal
correlations of DD pairs. We show that hadronic interactions at the late stage can not disturb these correlations
signiﬁcantly. Thus, adecrease or thecompleteabsence of theseinitialcorrelationsindicatesfrequent interactions
of heavy-ﬂavor quarks in the partonic stage. Therefore, early thermalization of light quarks is likely to be
reached.
PACS numbers: 25.75.-q
Introduction
Lattice QCD calculations, at vanishing or ﬁnite net-baryon
density, predict a cross-over transition from the deconﬁned
thermalized partonic matter Quark Gluon Plasma (QGP)
to hadronic matter at a critical temperature Tc ≈ 150 −
180 MeV [1].
Measurementsofhadronyieldsintheintermediateandhigh
transversemomentum pT regionindicatethatdensematterhas
been produced in Au+Au collisions at RHIC [2, 3]. The ex-
perimentally observed large amount of elliptic ﬂow of multi-
strange hadrons [4], i.e. the f meson and the W baryon, sug-
gest that this collective motion has been already developed at
the early partonic stage. A crucial issue to be addressed for
the discovery of the Quark-Gluon-Plasma (QGP) is to probe
the status of thermalization in the early partonic stage.
Especially heavy-ﬂavor (c, b) quarks are excellent tools to
study the thermalization of the initially created matter. As
shownin Fig. 1, theirlargemasses arealmost exclusivelygen-
erated through their coupling to the Higgs ﬁeld in the electro-
weak sector, while masses of light quarks (u, d, s) are dom-
inated by spontaneous breaking of chiral symmetry in QCD.
This means that in a QGP where chiral symmetry might be
restored, light quarks obtain their bare current masses while
heavy-ﬂavor quarks remain heavy. Due to their large masses
(≫ LQCD), the heavy quarks can only be pair-created in early
stage pQCD processes. And their productioncross sections in
nuclearcollisions arefoundtoscale with thenumberofbinary
collsions [5, 6]. In the subsequent evolution of the medium,
their numbers are conserved because the typical temperature
of the mediumis muchless thanthe heavy(c, b) quarkmasses
resulting in negligiblenew pair production. In addition, heavy
quarks do not decay weakly during the short time of the evo-
lution of the medium, i.e. they decay outside of the medium.
These heavy (c, b) quarks can participate in collective mo-
tion or even kinetically equilibrate only when interactions at
the partonic level occur at high frequency. The idea of sta-
tistical hadronization of kinetically equilibrated charm quarks
[7] evenpredictedsigniﬁcantchanges in hiddencharm hadron
production [8]. Hence, heavy-ﬂavor quarks are an ideal probe
to study early dynamics in high-energycollisions.
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FIG. 1: (Color online) Quark masses in QCD vacuum and Higgs
vacuum. A large fraction of the light quark masses is due to the chi-
ral symmetry breaking in the QCD vacuum. The numbers on quark
masses have been taken from Ref. [9].
.
Recent results from non-photonic electrons on elliptic ﬂow
and nuclear modiﬁcation factors from STAR and PHENIX
and yields of directly reconstructed D mesons indicate that
charm quarks do indeed participate in the collective motion at
RHIC. To explain the data, a large drag diffusion coefﬁcient
in the Langevin equation describing the propagationof charm
quarks in the medium, is found to be necessary [10]. Two-
and three-body interactions [11, 12] of heavy-quarks and res-
onant rescattering [13] in the partonic stage become impor-
tant. These investigations suggest that heavy-quarks actively
participate in the partonic stage.
In this paper, we study the change of azimuthal correlations2
of pairs of D and D mesons as a sensitive indicatorof frequent
occurrences of partonic scattering. Since heavy-ﬂavor quarks
are pair-created by initial scattering processes, e.g. gg → cc,
each quark-antiquarkpair is correlated in relative azimuth Df
due to momentum conservation. In elementary collisions,
these correlations survive the fragmentation process to a large
extent and hence are observable in the ﬁnal state hadron dis-
tribution, i.e. in the distribution of relative azimuth of pairs
of D and D mesons. We quantitatively address the question
by how much these correlations are affected by the early QGP
stageandthehadronicscatteringprocessesinthelatehadronic
stage.
Results and Discussions
We start by reviewing the D and D angular correlations in
pp collisions. The Monte Carlo generator PYTHIA [14] —
which includes the lowest order pQCD heavy quark produc-
tion(gg→ccandqq→cc) —reproduceswellthe experimen-
tally observed correlations of D mesons, measured at ﬁxed
target energies [15]. Fig. 2 shows results for such correlations
predicted by default PYTHIA (v. 6.139) generator for pp col-
lisions at
√
sNN = 200 GeV. The Df distribution is peaked at
180◦, especially for high pT D mesons, with the D mesons be-
ing oriented back-to-back as one would expect within a pair
stemming from a hard scattering of partons. The deviation
from Df = p for lower pT D mesons is due to NLO diagrams
and non-perturbativeeffects, such as the intrinsic kT and frag-
mentation.
0
0.5
1
1.5
2
0 0.5 1 1.5 2 2.5 3
pT > 4 GeV/c
1.5 > pT > 4 GeV/c
pT < 1.5 GeV/c
All
p + p collisions (Pythia 6.1)
Df (rad.)
d
N
/
d
f
 
(
r
a
d
)
-
1
FIG. 2: (Color online) Correlations in relative azimuth, ∆φ, of DD
pairs from pp collisions at
√
s = 200 GeV as predicted by PYTHIA
(v. 6.139) for different pT ranges.
To explore how the QCD medium generated in central rel-
ativistic nucleus-nucleus collisions inﬂuences the correlations
of D and D, we employ a non-relativistic Langevin approach
which describes the random walk of charm quarks in a QGP
and was ﬁrst described in Refs. [16, 17, 18],
d  p
dt
= −g(T)  p+  h, (1)
where h is a Gaussian noise variable, normalized such that
 hi(t)hj(t′)  = a(T)dijd(t −t′). Both the drag coefﬁcient g
and the momentum-space diffusion coefﬁcient a depend on
the local temperature. We use the same parameterization for
g as in Ref. [16], g(T) = aT2, with a = 2 10−6 fm−1 MeV−2
and also neglect the momentum dependence of g. g and a
are related by the ﬂuctuation-dissipation relation in equilib-
rium,  p2
i   = a/2g. As in Ref. [16], the a is calculated from
the above equation with  p2
i   = 1.33mcT, with a charm quark
mass mc = 1.5 GeV/c2.
For simplicity, the initial conditions for the central heavy
nucleus (Au or Pb) collisions are the same as in Ref. [16]. We
assume a plasma in thermal equilibrium occupying a cylinder
of ﬁxed radius R, equal to the radius of the colliding nuclei
(R = 7 fm in the present calculations). After the full forma-
tion of the plasma at the initial time t0, the plasma evolves
according to Bjorken’s hydrodynamics, i.e. T = T0(t0/t)1/3.
Before the time t0, the plasma is changing rapidly and is not
fully equilibrated. However, as in Ref. [16], we assume that
the plasma is in equilibriumat T =T0 before t0. The charmed
quark then diffuses in the same way as it does after t0. In
order to show the pure effect of parton-parton re-scattering in
the outlined medium, we generate the charm quarks back-to-
back, i.e. Df = p at the time on the order of 1/mc ≃ 0.1 fm/c,
and use a delta function for fragmenting the charm quark into
a charmed hadron at the hadronization stage. The radius r
where the pairs are created is taken from a distribution pro-
portional to the number of binary nucleon-nucleon collisions
taking place at that radius, p(r)dr µ (R2−r2)2prdr. The an-
gular distribution of the initially produced charm quark in the
transverse plane is isotropic.
The evolution of the charm momenta with the Langevin
equation is stopped when T reaches the critical temperature
Tc = 165 MeV or when the charm quark leaves the QGP vol-
ume. As a ﬁrst estimation of the QGP effect on the charm
quarkazimuthalcorrelation,we, furthermore,neglect the pos-
sible contribution of the mixed phase. Fig. 3 (a) shows the
results for the D meson (charm quark) angular correlations at
different initial charm quark pT for typical RHIC temperature
T0 =300 MeV at t0 =0.5 fm/c. As one can see, for the charm
quark pairs with pT = 0.5 GeV/c, the initial angular correla-
tion is almost completely smeared out. While for pairs with
pT = 3 GeV/c, the azimuthal correlation is mostly preserved.
Fig. 3 (b) shows the results for T0 = 700 MeV at t0 =
0.2 fm/c as expected at LHC. Here, the interactions of charm
quarks with the medium are so frequent that even initially
high transverse momentum charm pairs can not preserve their
angular correlations — low pT pairs are even completely
stopped by the medium. Because the cc pairs are created at
the same position in the ﬁreball, there is a higher probability
to escape from the ﬁreball to the same side of the medium
where the medium thickness is smaller. Thus, the distribution3
is shifted towards Df=0. Presently, there is only longitudinal
ﬂow in the used hydrodynamical model. However, we ex-
pect that the strong radial ﬂow further enhances the same side
correlations in the case of fully kinetically thermalized charm
pairs. Because the pairs are created at the same position in
the medium, they will be pushed in the same direction by the
radial ﬂow. This mechanism is also regarded as a source of
the so-called non-ﬂow effect in the measurement of collective
ﬂow [20].
The above results are obtained with a drag coefﬁcient es-
timated with perturbative QCD [19]. As shown in Ref. [13],
non-perturbative contributions that arise from quasi-hadronic
bound states in the QGP might be more important. The pres-
ence of these resonances at moderateQGP temperaturewould
result in a much larger drag coefﬁcient. Since exact values of
the drag coefﬁcient from lattice QCD calculations do not ex-
ist, we show the sensitivity of our calculations when varying
the parameter a within reasonable values. Figs. 3 (c) and (d)
show the drag coefﬁcient dependence of the cc angular corre-
lations for pT =3 GeV/c at T0 =300MeV and pT =10GeV/c
at T0 = 700 MeV, respectively. For T0 = 300 MeV and for
pT = 3 GeV/c, the cc angular correlations are washed out
when a is more than 5 times larger. For T0 = 700 MeV the
angular correlationsof pT = 10 GeV/c cc pairs already vanish
completely when a is twice the pQCD value.
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FIG. 3: (Color online) Correlations in relative azimuth ∆φ of DD
pairs from Langevin calculations with T0 = 300 MeV (RHIC) and
700 MeV (LHC). The upper part shows the pT dependence of the
correlations; the lower part shows the drag coefﬁcient dependence.
While the initial correlations of cc pairs are clearly affected
by the assumed early hot QCD medium and sensitive to its
temperature and the drag coefﬁcient, it is important to study
whether the loss of correlations can be mimicked by hadronic
interactions. Therefore, we further investigate by how much
the cc correlations deteriorate due to hadronic scattering in
the late stage of high-energy nuclear collisions. For this pur-
pose, we employ the microscopichadronictransportapproach
UrQMD v2.2 [21, 22].
This microscopictransportapproachis based on the covari-
ant propagation of constituent quarks and diquarks accompa-
nied by mesonic and baryonic degrees of freedom. It sim-
ulates multiple interactions of in-going and newly produced
particles, the excitation and fragmentationof color strings and
the formation and decay of hadronic resonances. A phase
transition to a QGP state is not incorporated into the model
dynamics. In the latest version of the model, PYTHIA (v.
6.139) was integrated to describe the energetic primary ele-
mentary collisions [23]. The yields and spectra of the popu-
lated particles are well reproduced in this latest version [23].
In this model, D mesons stem from the very early stage
high-energy nucleon-nucleon collisions which are calculated
with PYTHIA. For their propagationin the hadronic medium,
we consider elastic scattering of D mesons with all other
hadrons. The hadronic scattering cross-section for D mesons
is generally small [24] and we take 2 mb in our calculation.
To obtain an upperbound, a large cross section, 20 mb, is also
studied. There is an important factor that can affect the DD
correlations, namely the ﬁnal state angular distribution of the
elastic scattering between D mesons and other hadrons. The
strongesteffects on the charmcorrelationsis obtainedfroman
isotropic angular distribution in the scattering process. This
distribution is motivated by the idea of the formation of inter-
mediate resonances (essentially D+p ↔D∗). For comparison
also a forward peaked distribution has been studied. In the
forward distribution, the distribution of the cosine of the scat-
tering angle q in the center of mass system of the decaying
resonance, p(cosq) µ exp(7cosq).
The results of the UrQMD calculations are shown in Fig. 4.
To demonstrate the change in the angular correlations of DD
pairs, we show the ratio of the ﬁnal angular correlation after
the evolution with UrQMD and the initial distribution from
PYTHIA (see Fig. 2). In this analysis, all DD pairs were se-
lected, i.e. there is no trigger on a certain pT range of the
D mesons. As one can see in Fig. 4 (a), i.e. in the forward
scattering case, the correlation in relative azimuthal angle in
Au+Au reactions at √sNN=200 GeV is barely changed when
compared to the same energy pp collisions, even if the cross
sectionis 20mb. InFig.4(b), fortheisotropicscatteringcase,
the correlation is almost not changed when the cross section
is 2 mb either. Only a drastic increase of the hadronic cross
section of D mesons to an unrealistically large value of 20 mb
results in the DD correlations to be completely washed out.
We also ﬁnd that most scatterings happen at very early
times, when the hadron density is very high. More realisti-
callyoneexpectsthatatthehighestenergyatRHIC,the(pure)
hadronic stage is even shorter than assumed in the present
simulation. Hence, the hadron density is expected to be so
low that the hadronic stage will not alter the DD correlations.
Thus, a change of the DD angular correlations in heavy-ion
collisions would most likely be attributed to frequent parton-
parton scattering and, hence, to the existance of a QGP state.
The abovecalculations, show that heavy-ﬂavorcorrelations4
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FIG. 4: Ratios of the correlations after hadronic rescattering in rel-
ative azimuthal angle ∆φ of DD pairs from minimum bias Au+Au
collisions at
√
sNN= 200 GeV to that from PYTHIA (in Fig. 2). The
left part is for the case of forward scattering, and the right part is for
isotropic scattering.
provide a sensitive tool to directly access the status of equi-
libration in the medium. A similar picture emerges from the
observation and suppression of back-to-back correlations of
unidentiﬁed high pT hadrons (jets). Both of them originate
from the propagation of partons (heavy quarks or jets) in the
medium. However, we have to stress that if heavy quarks lose
their energies in the medium and even get kinetically equi-
librated, they can still be identiﬁed, which is not true in the
case of jets. So, in the case of heavy quark correlations, we
are actually focusing on the constituents of the medium itself!
Conclusions and Outlook
We proposeto measurethe changeofcorrelationsofheavy-
ﬂavor hadrons as an indicator of thermalization at the par-
tonic stage (among light quarks and gluons) in high-energy
nuclear collisions. On the example of azimuthal correlations
of DD pairs, we have demonstrated that hadronic interactions
at thelatestage cannotdisturbthesecorrelationssigniﬁcantly.
Thus, a decrease or the complete absence of these initially
existing correlations clearly indicates frequent interactions of
heavy-ﬂavor quarks in the partonic stage. If observed, this
would imply an early thermalization of light quarks which
would be the main scattering centers. These measurements
require good statistics of events in which both D mesons are
reconstructed at small background. A full reconstruction of D
mesons (i.e. of all their decay products) in full azimuth is es-
sential to preserve the kinematic informationand optimize the
acceptance for detecting correlated D meson pairs. We, fur-
thermore, stress that an experimental reference from pp col-
lisions at the same energy is indispensable for detailed stud-
ies of changes in these azimuthal correlations. The proposed
detector upgrades at RHIC of STAR and PHENIX with their
micro-vertex capabilities [25] and direct open charm recon-
struction will make these measurements possible.
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